Abstract: An electrophoretic protocol previously used for the separation of rat myosin heavy chain (MHC) isoforms was slightly modified to improve the separation of human MHC isoforms in both large and minigel systems. The addition of reducing agents (β-mercaptoethanol or dithiothreitol) to the top running buffer (TRB) radically improved separated MHC isoform resolution and the intensity of electrophoretic runs lasting longer than 5 h. In minigel systems, the MHC isoforms could be separated in as little as 5 h. The improved resolution of bands with the inclusion of reducing agents to the TRB facilitated the identification of clear boundaries for densitometric quantification of relative MHC isoform content, particularly for MHC IIa and MHC IIx. No significant effect of these reducing agents added to the TRB was observed for runs lasting only 100 min. Thus the inclusion of reducing agents in the TRB is essential for long electrophoretic runs, usually when separating large molecular mass proteins.
The myosin heavy chains (MHC) are the most important protein subunits found in skeletal muscle cells, since they contain the molecular motor and exist in the greatest quantity [1] . Without them, motion in mammals and other species would not be possible. The separation of the MHC isoforms using SDS-PAGE has played an important role in determining relative percentages of muscle fiber types and has aided in the understanding of what the effects of exercise, hormones, weightlessness, and paralysis are on this tissue [2] [3] [4] [5] .
The number of isoforms expressed varies between species, e.g., human skeletal muscle predominantly expresses three isoforms classified as MHC I, MHC IIa, and MHC IIx, whereas small mammals express a fourth isoform, MHC IIb [6, 7] . The different isoforms determine fiber contractile speed and have an influence on the rate of ATP utilization within that cell [8, 9] . Therefore the capacity to assess the relative isoform proportions in muscle samples and single fibers is biologically relevant.
The MHC proteins are very large (~220 kDa), and conventional SDS-PAGE fails to separate the isoforms into distinct bands, mostly as a result of the low acrylamide:bis-acrylamide ratio (37.5:1). To add to the dilemma, some species vary in the number of isoforms expressed; thus a successful protocol for one species does not necessarily separate those of another [10] .
Through the years, many different electrophoretic protocols have been developed to separate the MHC isoforms of mammals. Some methods varied in acrylamide:bisacrylamide ratio [11, 12] , included various amounts of glycerol in the separating gel [7, 10, 13, 14] , constructed gradient gels [15] , or changed electrophoretic conditions such as electrophoretic duration to improve the overall separation of MHC isoforms. Some methods even used double stacking and separating gels, each varying in acrylamide concentration [16] . Others also required extensive myosin extraction procedures before electrophoresis [11] . All in all, the development of a standardized separation protocol for MHC isoforms was a difficult task.
Even though the protocols above tend to be time consuming (with electrophoresis times ranging from 24 to 42 h, depending on the voltage), these protocols did not always result in distinct and quantifiable bands [10] .
Two items of importance prompted the present study to apply modifications to the existing protocols for MHC isoform separation to improve resolution. First, muscle groups of endurance athletes may express a low quantity of a specific isoform, such as the MHC IIx isoform in the Vastus lateralis muscle, and can easily go undetected or be incorrectly quantified if separation is not optimal between the MHC IIa and MHC IIx isoforms. Second, approximately 200 fibers per muscle sample are required to determine the muscle's fiber type. Multiple sampling periods and the number of subjects for longitudinal studies can therefore result in the need for identification of a large number of fibers; thus the duration of each electrophoretic run plays a role in overall time expenditure. Talmadge and Roy [7] developed a protocol that was initially used to separate the MHCs of rat skeletal muscle homogenates into four isoforms. This method was the backbone of the present investigation because it used the same glycerol concentration and acrylamide:bis-acrylamide ratio (50:1) in both stacking and separating gels. Furthermore, it has been used in previous investigations to separate horse and rabbit MHC isoforms [17, 18] . Although the method has been used on human muscle, most modifications reported were to the voltage, electrophoretic duration, or acrylamide concentrations [18] [19] [20] . Also, Bamman et al. [19] modified the top running buffer (TRB) in their attempt to improve the separation of human MHC isoforms. In the present study, we report the effects of an additional modification to their running buffer. Korfage and Van Eijden [20] used a modified Talmadge and Roy [7] method to separate the MHC isoforms of human single muscle fibers. However, their modifications were more complex than those presented here, and the electrophoresis duration was still 29 h, thus not satisfying the aim to reduce duration.
Electrophoresis carried out for a long duration may result in the formation of disulfide bonds in protein structures [21] . This effect may cause diffuse bands, obscuring the boundaries of the separated bands, especially when bands migrate as closely as those of the fast MHC isoforms. Although Fritz et al. [21] did not focus on the separation of the MHC isoforms, Blough et al. [10] applied these findings to a method used to separate the MHC isoforms by adding β-mercaptoethanol (β-MEtOH) to the TRB. The addition of this reducing agent improved band resolution of the MHC isoforms. However, the method described by Blough et al. [10] differed substantially from the method described by Talmadge and Roy [7] , since it used different acrylamide ratios in the stacking and separating gels. Nor is it clear whether other reducing agents may be used for the same or better effect as that provided by β-MEtOH.
The goals of the present study were therefore to achieve good quality and adequate separation of human MHC isoforms (i) in large and minigel systems, (ii) in less time, while (iii) maximizing resolution by incorporating a reducing agent to the TRB.
METHODS
Both large gel size (Protean IIxi: 16 × 16 cm) and minigel size (Mini Protean III: 8.3 × 7.3 cm) electrophoresis systems were used (Bio-Rad Laboratories, Hercules, CA). The original protocol by Talmadge and Roy [7] recommended a gel thickness of 0.75 mm for both mini and large electrophoresis systems, but 1 mm spacers for the latter system were used instead.
a. Stacking and separating gel. The separating gel contained 30% glycerol, 8% acrylamide, 200 mM Tris-HCl, pH 8.80, 100 mM glycine, and 0.4% SDS, whereas the stacking gel contained 30% glycerol, 4% acrylamide, 70 mM Tris-HCl, pH 6.80, 4 mM EDTA, and 0.4% SDS [7] . For both the separating and stacking gels, polymerization was initiated by the addition of TEMED and ammonium persulfate to a final concentration of 0.05% and 0.1%, respectively.
b. Running buffer. Unless otherwise stated, the lower running buffer contained 50 mM Tris, 75 mM glycine, and 0.05% SDS, whereas the TRB contained twice the concentrations of those mentioned above [7] . In some gels, β-MEtOH (final concentration: 0.12%) was included in the TRB of large gel systems.
The modifications made to the original electrophoresis protocol by Bamman et al. [19] were also investigated with or without 0.12% β-MEtOH. This latter method used a TRB 6× higher in ionic strength relative to the lower running buffer originally used by Talmadge and Roy [7] .
Finally, the electrophoretic duration reported by Bamman et al. [19] (20 h) was used and compared to electrophoretic runs that lasted 10 h and 5 h.
Dithiothreitol (DTT), with a final concentration of 1 mM, instead of β-MEtOH, was also tested as a reducing agent in the TRB of a minigel electrophoretic run using the same conditions described above (20 h only). Table 1 depicts which TRB contained β-MEtOH (0.12%) or DTT (1 mM) and lists the electrophoretic duration used in generating Figs. 1 to 3. c. Samples. All samples were from skeletal muscle biopsies from human subjects that were active, but not trained. The muscle was obtained during previous studies that were approved by the University of Stellenbosch eth- ics committee for research on human subjects (subcommittee C), and for which the subjects signed an informed consent form before taking part. A standard sample containing all three MHC isoforms was prepared by homogenizing a preweighed muscle with 0.1 M potassium phosphate buffer (pH 7.30), determining the protein concentration [22] , and diluting a set volume with a sample buffer containing 5% β-MEtOH, 2.5% SDS, 10% glycerol, 62.5 mM Tris, pH 6.8, and 0.1% bromophenol blue. The samples were boiled for 2 min, and, unless otherwise stated, the same total protein was loaded for all minigel (2 µg) and all large (4 µg) gel systems. In Fig. 1 , the same muscle sample was used, whereas in Figs. 2 and 3 the muscle used was from a different subject. d. Electrophoretic conditions. Unless otherwise stated, all electrophoretic runs were carried out at 4°C either in a cold room (large gel systems) or in ice boxes (minigel systems) [7] . The durations of electrophoretic runs varied and are reported in Table 1 .
e. Staining and densitometry. All gels were stained with Coomassie R250 and scanned by a computer scanner set at 600 dots per square inch, and the densitometric profile was calculated using the Un-Scan-It Gel software package (Silk Scientific Corporation, Orem, Utah). The proportion (in percentage) of the three MHC isoforms were determined by the software from the height (peak intensity) and area of the curve, with area boundaries determined automatically (Fig. 4A) or manually (Fig. 4B) .
RESULTS

a. Large system
Using the large gel system, we separated the MHC isoforms at a constant 275 V for 24 h at 4°C without (Fig.  1A) and with 0.12% β-MEtOH added to the TRB (Fig.  1B) . All three isoforms could be identified, but the boundaries of the bands were more clearly resolved, and the intensity was more pronounced with the addition of β-MEtOH. Figure 2 illustrates the inclusion of one or the other of two reducing agents in the TRB on the intensity and resolution of the separated MHC isoforms in minigels using the modifications by Bamman et al. [19] . Both β-MEtOH (Fig. 2B) and DTT (Fig. 2C) improved the above-mentioned parameters compared to the same electrophoretic conditions with no reducing agents present in the TRB (Fig. 2A) .
The effect of electrophoretic duration on the migration of the three MHC isoforms in the minigel system was also tested over periods of 20 h (Fig. 2), 10 h (Fig. 3, A and B) , and 5 h (Fig. 3C ) in the presence (Figs. 2B, 3B , and 3C) or absence ( Figs. 2A and 3A ) of β-MEtOH in the TRB. A clear separation of the three isoforms was achieved for all the conditions. Separated bands were higher in intensity and resolution with shorter electrophoresis duration, but the separation of the bands was less. An incorporation of β-MEtOH in the TRB also improved the resolution and intensity of the MHC isoform bands.
c. Isoform content
A quantification of the isoform contents was performed with the aid of the densitometric scans provided in Fig. 1 . A comparison of the relative proportions of MHC isoforms is presented in Fig. 4 . The data presented in panel A were generated using the software's autodetection of band boundaries, whereas data in panel B were generated by manually detecting and setting area boundaries. An automatic boundary detection of the isoform bands resulted in a noteworthy difference between the two running conditions, but manual intervention to detect the boundaries resulted in no difference.
DISCUSSION
The main aims of this study were to improve band resolution, intensity, and overall separation of MHC isoforms of human origin by the addition of reducing agents (β-MEtOH or DTT) to the TRB and to determine whether shorter electrophoretic duration would still produce adequate separation of these isoforms using a method previously described by Talmadge and Roy [7] and modified by Bamman et al. [19] for minigel systems.
Each system (large or mini) has advantages and disadvantages. For instance, more samples can be accommodated in large gel systems, but they require consequently five times more gel solution and running buffer compared to minigel systems.
Using the above methods, three distinct MHC isoform bands were detected corresponding to MHC IIx, MHC IIa, and MHC I. However, the addition of reducing agents (i.e., β-MEtOH or DTT) and the reductions in electrophoretic durations resulted in different resolutions and band intensities.
a. Effect of reducing agents
To our knowledge, Fritz et al. [21] was the first to report that the addition of 0.07% β-MEtOH to the TRB enhances the mobility and resolution of proteins with high molecular weights, specifically titin and nebulin. Blough et al. [10] incorporated the same addition to enhance MHC isoform resolution. In the large gel system, the addition of β-MEtOH to the TRB improved relative band intensity by ~44% (Fig. 1, A and B) . Furthermore, the resolution of the bands was also greatly improved, with both sharper and clearer separations, especially between the MHC IIx and MHC IIa isoforms. This effect was also observed using the minigel system (Figs. 2 and 3) . Replacing β-MEtOH with DTT in the TRB resulted in a similar improvement in band resolution and intensity (Fig. 2C) .
Fritz et al. [21] commented that disulfide bond formation may occur during electrophoresis because of the high pH (8.8) of the separating gel. According to these authors, the addition of β-MEtOH may break and prevent the formation of intermolecular protein disulfide bonds, thus affecting the mobility of the various protein species. They also proposed that the effect of this addition may be more prominent during long electrophoretic runs resulting in relatively poor band resolution. In other words, if a particular protein species is affected by disulfide bonds, it can display varying mobility and can be scattered around the vicinity of the true electrophoretic point, leading to poor band resolution. The present study clearly shows that this phenomenon is more prominent with long electrophoretic (Figs. 1 to 3) . As electrophoretic duration decreased (shown in minigels only), band resolution increased (Figs. 2A vs. 3A) . The addition of β-MEtOH to the TRB further improved the resolution at 20 h and 10 h (Figs. 2B and 3B, respectively) . It is therefore concluded that longer electrophoretic durations subject the proteins to an increased risk of forming disulfide bonds, but that reducing agents such as β-MEtOH or DTT may partially prevent this. Increasing the β-MEtOH concentration to double the amount during 20 h of electrophoresis resulted in no further improvement of band resolution (data not shown), which may be attributed to other unidentified factors occurring within the gel matrix itself.
During short periods of electrophoresis (e.g., 100 min), the addition of β-MEtOH to the TRB had no significant effect on the resolution of smaller (< 70 kDa) skeletal muscle protein bands (data not shown). This is in accordance with Blough et al. [10] and Fritz et al. [21] , who commented that the addition of β-MEtOH (and possibly DTT) is not necessary for a short electrophoresis duration.
b. Effect on isoform content
The amount of protein loaded into each well and onto large and minigel systems was always the same. In all cases where a reducing agent was not added to the TRB prior to electrophoresis, the bands were less sharp (Figs. 1A,  2A, and 3A) , despite having the same protein content. This suggests that the MHC isoforms are not migrating effectively without the addition of either β-MEtOH or DTT.
The proportions of the MHC isoforms were expressed as a percentage of the total (100%) determined from the quantification of all three isoforms, taking into account the area and intensities of each band (Fig. 4) . Automatic software identification of the band boundaries and calculation of the isoform content produced an incorrect reflection of the MHC isoform proportions (Fig. 4A) . This was more evident as a result of low band intensities and resolution in the absence of β-MEtOH (i.e., Fig. 1A) . A manual detection of boundaries resulted in the intensities being reflected more consistently, but even during this activity, the boundaries were easier to identify with the inclusion of β-MEtOH in the TRB, thus the need for optimum resolution and separation.
CONCLUSION
The reducing agent inclusion in the TRB improved band resolution in both large and minigel systems when using the original method of Talmadge and Roy [7] , as well as the modified Talmadge and Roy method used for minigel systems by Bamman et al. [19] . This inclusion will allow densitometric software programs to accurately identify protein band boundaries, and in the case of MHC isoforms, it will aid in the accurate representation of relative isoform proportions. Furthermore, adequate human MHC isoform separation was achieved in five hours when using the modifications recommended by Bamman et al. [19] with the addition of β-MEtOH to the TRB. Although the changes presented here are small, they significantly improve both the effectiveness and efficiency of protein isoform separation, especially of fast MHC isoforms, a finding that may assist other researchers in developing protocols for similar high molecular weight proteins.
